Abstract. Strongly interacting species often have pronounced direct and indirect effects on other species. Here we focus of the effects of pine squirrels (Tamiasciurus spp.), which are a dominant pre-dispersal seed predator of many conifers including limber pines (Pinus flexilis) and whitebark pines (P. albicaulis). Pine squirrels depress seed abundance by harvesting most limber and whitebark pine cones on their territories. Pine squirrels further reduce seed availability for Clark's Nutcrackers (Nucifraga columbiana), the primary seed disperser of these pines, because selection exerted by pine squirrels has reduced the number of seeds per cone and causes seeds to be less accessible. We predicted that, if fewer seeds were available for dispersal by nutcrackers, pine recruitment should be suppressed in areas with pine squirrels. In support of this prediction, stand densities were about two times greater in areas where pine squirrels are absent than in areas where they are present. Alternative explanations that we considered do not account for these differences; however, precipitation may limit stand densities in the absence of seed limitation by pine squirrels. In sum, pine squirrels apparently depress limber and whitebark pine stand densities, with the potential for ecosystem impacts because these pines are foundation species within Western subalpine ecosystems.
INTRODUCTION
There has been considerable interest in the effects of certain influential species on community structure and ecosystem processes, including keystone species (Paine 1969) and ecosystem engineers (Jones et al. 1994) . Beavers (Castor canadensis), for instance, are a classic example of an ecosystem engineer. By cutting trees and damming streams, beavers transform forested habitat into wetlands with subsequent affects on community structure and biodiversity (Jones et al. 1994) . Most studies concerning such species have focused on the cascading effects of a particular species' ecology at the ecosystem level. However, in the case of keystone species or strongly interacting species the evolutionary effects of natural selection exerted by these species can be considerable and warrant consideration (Benkman et al. 2008 ). Yet, few studies have examined whether and how selection exerted by these species directly or indirectly alter community structure and ecosystem processes (Holt 1994 , Bailey et al. 2004 , Benkman and Siepielski 2004 , Whitham et al. 2006 , Benkman et al. 2008 .
One example of the cascading effects of selection on ecosystem processes comes from comparisons of the frequency of serotiny, the retention of seeds in cones for extended periods, in lodgepole pine (Pinus contorta latifolia; Benkman and Siepielski 2004) . The main advantage of serotiny is the accumulation of a canopy seed bank to be released after a stand-replacing fire (Lamont et al. 1991) . However, pre-dispersal seed predation by pine squirrels (Tamiasciurus spp.), the main predator of seeds in lodgepole pine cones, reduces the benefits of serotiny in pines by greatly diminishing the canopy seed bank and thereby favoring a reduction in the frequency of serotiny. The evolutionary consequences include a large reduction in the average frequency of serotiny in areas where pine squirrels occur compared to areas where they are absent (Benkman and Siepielski 2004) . Variation in the frequency of serotiny is important because it influences the density of seedlings following stand-replacing fires and can therefore have major affects on plant and animal communities, and on biogeochemistry during succession (Tinker et al. 1994 , Turner et al. 2003 , Benkman et al. 2008 . Thus, selection exerted by pine squirrels on a heritable life history trait in one species affects the entire ecosystem. We refer to such species as ''keystone selective agents'' (Benkman and Siepielski 2004 ). This terminology is meant to highlight the often-overlooked evolutionary conse-quences of strongly interacting species by explicitly considering the effects of microevolutionary processes (i.e., natural selection) at the community and ecosystem level.
Pine squirrels are strongly interacting species in many other systems as well (e.g., Steele et al. 2005) , and thus may act as keystone species and selective agents more widely via their ecological and evolutionary effects as seed predators. The repeated evolution of increased seed defenses in six species of conifers in areas with pine squirrels compared to areas without pine squirrels (Benkman 1999 , Benkman et al. 2001 , Parchman and Benkman 2002 , Siepielski and Benkman 2007a ; T. L. Parchman and C. W. Benkman, unpublished data) strongly implies that pine squirrels act consistently as an important seed predator and selective agent and may have widespread affects. For example, in both limber (P. flexilis) and whitebark pines (P. albicaulis), selection exerted by pine squirrels has led to an approximate 30% reduction in the number of seeds per cone compared to regions without pine squirrels (Benkman 1995, Siepielski and Benkman 2007a) . Seed predation from pine squirrels might thus affect seed dispersal and recruitment in these conifers by directly (i.e., because of seed consumption) and indirectly (i.e., because of evolutionary responses by pines to selection) limiting seed abundance. Indeed, seed addition experiments demonstrate that many plant species are seed limited rather than site limited, with recruitment increasing in response to seed addition (Turnbull et al. 2000) . This is particularly the case for large-seeded species that are often animal dispersed (Moles and Westoby 2002, Clark et al. 2007 ).
Clark's Nutcrackers (Aves: Nucifraga columbiana) are the main seed dispersal agent for limber and whitebark pines (Lanner 1996 , Tomback 2001 . Their interaction is an example of a keystone mutualism, because the formation of subalpine ecosystems dominated by these pines is largely dependent on the dispersal of seeds by nutcrackers (Lanner 1996 , Tomback 2001 . Thus, factors that affect the abundance and availability of seeds for dispersal by nutcrackers should impact these ecosystems.
The availability of seeds for dispersal by nutcrackers is partly determined by variation in cone structure. Throughout the Rocky Mountains and Sierra Nevada, selection exerted by pine squirrels on limber and whitebark pines has led to fewer seeds per cone and more massive cones that reduce nutcracker seed harvesting and seed dispersal efficiency (Benkman 1995, Siepielski and Benkman 2007a) . Pine squirrels are also intense preemptive competitors because they begin removing seeds before nutcrackers, and can remove 80% or more of the seed crop (Benkman et al. 1984) . Because pine squirrels bury closed cones not individual seeds (Smith 1970 , Benkman et al. 1984 ) and conditions in caches generally do not favor germination or seedling survival (Hutchins and Lanner 1982, Tomback 1982) , pine squirrels are not considered seed dispersers. In the Great Basin, where pine squirrels have likely been absent for !10 000 years (e.g., Grayson 1987 , Heaton 1990 ), limber and whitebark pines have lost seed defenses against pine squirrels and have further evolved in response to selection by nutcrackers. Many of the traits under selection by pine squirrels (i.e., number of seeds per cone) are the same traits under selection by nutcrackers, but in opposing directions. Thus, the evolution of seed defenses against pine squirrels reduces the number of seeds produced and constrains the evolution of cone traits that facilitate seed dispersal, and hence the availability of seeds for dispersal by nutcrackers (Siepielski and Benkman 2007a) . This should result in less recruitment, which may be manifested as lower stand densities of mature trees.
Here we use an observational and comparative approach to test the hypothesis that pine squirrels influence stand density of limber and whitebark pines, which is likely an important factor contributing to the structure of the subalpine ecosystems that these conifers dominate (Tomback et al. 2001b ). We test the prediction that stand densities should be lower in ranges with pine squirrels than in ranges without pine squirrels. We also evaluate alternative explanations for patterns of variation in the stand densities of these pines.
METHODS

Study areas
We estimated stand densities of limber pine from six mountain ranges without pine squirrels in the Great Basin and six ranges with pine squirrels from the Rocky Mountains (east of the Great Basin) and the Sierra Nevada (west of the Great Basin; Appendix). The same data for whitebark pine were gathered from five ranges without pine squirrels in the Great Basin and six mountain ranges with pine squirrels from the Rocky Mountains and the Sierra Nevada (Appendix). Whether pine squirrels were present in the Great Basin in the past 20 000 years is doubtful but unknown (Wells 1983 , Grayson 1987 , Heaton 1990 ). However, the large expanses of mostly treeless basins between the mountain ranges in the Great Basin would have prevented pine squirrels from colonizing in the recent past (Arbogast et al. 2001) . Given the ''successful'' introductions of pine squirrels to other isolated areas (e.g., Cypress Hills; Benkman et al. 2001) , we suspect that the absence of pine squirrels from the more forested mountain ranges (e.g., Snake Range, Nevada) is the result of biogeographic barriers rather than from unsuitability of habitat.
Limber and whitebark pines dominated the study areas, which were located in a relatively narrow range of elevation (2438-3300 m) and latitude (36846 0 120-43853 0 240 N; Appendix) to minimize the effects such variation might have on stand density. Siepielski and Benkman (2007a) provide some additional details on study locations. Although we did not survey for white pine blister rust (Cronartium ribicola) or bark beetles (Dendroctonus ponderosae), both causing extensive mortality of limber and whitebark pines (Tomback et al. 2001b ), we did not notice advanced signs of damage from blister rust or bark beetles in most study areas. Thus, mortality from either of these causes should not confound comparisons between areas with and without pine squirrels.
Stand densities in regions with and without pine squirrels
We used the point-center-quarter method (MuellerDombois and Ellenberg 1974) to estimate limber and whitebark pine stand densities. During late August and early September 2004, we located mature pine stands (i.e., trees producing female cones) within each mountain range and marked one transect through the approximate center of each stand; the starting point was haphazardly chosen. We recorded the distance to and diameter at breast height (hereafter dbh) of the nearest cone-bearing pine tree in each of four quadrants at 10 locations spaced approximately 500 m apart along each transect. Because of the patchy distribution of these pines within a range, our estimate of density should be viewed as an estimate of the density of trees within limber or whitebark pine stands rather than a rangewide density. We recorded dbh to test and control for differences in age or stage of succession, which could potentially confound our comparisons. We used onetailed two-sample t tests to test the prediction that stand densities of each conifer were greater in regions without pine squirrels than in regions with pine squirrels. Kruskal-Wallis tests were used to compare size class (dbh) distributions. All model assumptions were met.
Stand density and abiotic factors
Variation in the stand density of limber and whitebark pines is also likely affected by abiotic conditions (e.g., Lepper 1974 , McCaughey and Weaver 1990 , Schoettle and Rochelle 2000 , Tomback et al. 2001a ). To address this possibility, we examined the correlation between stand density and several abiotic factors that may affect these pines: elevation, latitude, and annual precipitation. Elevation and latitude were recorded using a GPS unit, and estimates of annual precipitation were determined from a climate database (available online).
RESULTS
Stand densities in regions with and without pine squirrels
Stand densities in the absence of pine squirrels were about double those in regions with pine squirrels (Fig.  1) . Limber pine stand densities were over twice as great in mountain ranges without pine squirrels (overall mean 6 SE ¼ 287 6 46 trees/ha) than in ranges with pine squirrels (128 6 28 trees/ha; one-tailed test, t 10 ¼ 2.96, P ¼ 0.005). We note that our estimate of the stand densities FIG. 1. The relationship between stand density and annual precipitation for (A) limber and (B) whitebark pines among areas with and without pine squirrels. Values shown are means 6 2 SE. The only statistically significant relationship is for limber pine in the absence of pine squirrels (r ¼ 0.81, df ¼ 5, P ¼ 0.05). Below, the sites are listed from left to right; if values for the abscissa are identical the site with the lower stand density is listed first. Limber pine sites with pine squirrels: Avintaquin, Utah; Pike's Peak, Colorado; Ward, Colorado; Onion Valley, California; Horseshoe Meadows, California; and Rocky Mountain National Park, Colorado. Limber pine sites without pine squirrels: White Mountains, California; Spring Mountains, Nevada; Toiyabe Range, Nevada; Snake Range, Nevada; Schell Creek Range, Nevada; and Ruby Mountains, Nevada. Whitebark pine sites with pine squirrels: Union Pass, Wyoming; Salt River Range, Wyoming; Sonora Pass, California; Galena Peak, Idaho; Saddlebag Lake, California; and Mt. Rose, California. Whitebark pine sites without pine squirrels: Pine Forest Range, Nevada; East Humboldt Range, Nevada; Jarbidge Mountains, Nevada; Independence Mountains, Nevada; and Ruby Mountains, Nevada.
of reproductive (producing female cones) limber pine in Rocky Mountain sites (overall mean ¼ 188 trees/ha) is comparable to 12 sites sampled throughout Colorado by Schoettle and Rochelle ([2000] ; mean ¼ 210 trees/ha based on data in their Table 4 ). Similarly, whitebark pine stand densities were 1.6 times greater in ranges without pine squirrels (132 6 11 trees/ha) than in ranges with pine squirrels (82 6 5 trees/ha; one-tailed test, t 9 ¼ 4.40, P ¼ 0.0009).
Size-class distributions (dbh) did not differ between ranges with (23.7 6 7.2 cm [mean 6 SD]; 35.9 6 10.9 cm) and without (24.8 6 8.6 cm; 37.1 6 10.7 cm) pine squirrels for either limber (v 2 ¼ 1.0, df ¼ 1, P ¼ 0.32) or whitebark pines (v 2 ¼ 1.57, df ¼ 1, P ¼ 0.21), respectively.
Stand density and abiotic factors
With the exception of annual precipitation, no abiotic factor was significantly correlated with stand densities of either pine (Table 1 ). The stand densities of limber pine increased with increases in annual precipitation, but only in the absence of pine squirrels (Fig. 1A, Table 1 ). Although not statistically significant (P ¼ 0.33), a similar pattern is apparent for whitebark pine in the absence of pine squirrels as well (Fig. 1B, Table 1 ). In contrast, no relationship between stand density and precipitation was evident for either pine in the presence of pine squirrels (Fig. 1, Table 1 ). Although stand densities of limber pine tended to increase with increases in latitude across all sites (Table 1 ), the differences in stand densities cannot be explained by differences in latitude because there was no difference in mean latitude between areas with and without pine squirrels (Table 1, t 10 ¼ 0.61, P ¼ 0.56).
DISCUSSION
The lower stand densities of limber and whitebark pines in the presence than absence of pine squirrels are consistent with the hypothesis that the ecological and evolutionary effects of pine squirrels limit recruitment and, thus, the density of these pines. Pine squirrels may therefore act to limit recruitment before other factors become limiting to stand density. Once seed limitation by pine squirrels is removed and tree densities increase, then other factors, namely precipitation, appear to limit stand densities (Fig. 1A) . Thus, the extent to which at least limber pine stand densities increase in the absence of pine squirrels appears limited by precipitation. Whether stand densities would converge at the lowest levels of precipitation regardless of the presence and absence of pine squirrels is unknown. Pine squirrels and precipitation may, however, jointly limit pine recruitment at the lowest levels of precipitation. If so, then the absence of pine squirrels may be critical in allowing limber pine and perhaps whitebark pine to extend into relatively arid regions of the Great Basin. Before we further discuss these findings, we address several alternative hypotheses that could potentially explain the lower stand densities in the presence of pine squirrels.
Alternative hypotheses
One hypothesis is that differences in stand densities result from variation in stand age. We do not know why stand age would differ in a consistent manner between the different regions. Moreover, we did not detect differences in tree size distributions (tree size is positively correlated with tree age in both limber [Knowles and Grant 1983] and whitebark pines [Snethen 1980] ), between ranges with and without squirrels for both pines. This indicates that differences in stand ages are unlikely to account for the observed differences in stand densities of limber and whitebark pines between ranges with and without pine squirrels.
A second hypothesis is that limber and whitebark pines occur in higher stand densities in regions without pine squirrels because of reduced competition with other subalpine conifers such as Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa), which are less common in the Great Basin than in the Rocky Mountains (e.g., Wells 1983) . Two observations suggest this is probably not an adequate explanation. First, other conifers were a minor component in all the study areas as both limber and whitebark pines were always the dominant species. Second, the densities of limber and whitebark pines were high in ranges where other subalpine conifers occurred commonly and pine squirrels were absent. For instance, the Snake Range has extensive areas of Engelmann spruce and a similar diversity of conifers as in the Rocky Mountains (Wells 1983 ), yet the density of limber pine was high (Fig. 1A) . A third hypothesis is that differences in soil productivity and nutrient availability affect stand density (e.g., McCaughey and Weaver 1990) . Although both pines appear to grow best on poorly developed, well-drained soils Weaver 1990, Schoettle and Rochelle 2000) , Lepper (1974) found that stand densities were unrelated to measured soil characteristics for 54 stands of limber pine from throughout its range. Thus, differences in soil alone probably do not account for the higher stand densities in the absence of pine squirrels.
Undoubtedly, we have not discussed every alternative explanation for the observed differences in limber and whitebark pine stand densities between regions with and without pine squirrels. Moreover, we lack statistical comparisons for most factors. The possibility also exists that some of the factors discussed above may interact synergistically. The transition between seed and mature tree is complex and involves a suite of factors (McCaughey and Tomback 2001 , Tomback et al. 2001a , b, Wang and Smith 2002 . In fact, we suspect that differences in tree density at the site level can largely be attributed to factors (some of which we discussed above; e.g., precipitation, Fig. 1A ) other than the presence or absence of pine squirrels (see also Schoettle and Rochelle 2000) . However, despite the fact that other factors contribute to variation in the stand densities of these pines, we still detected consistent differences replicated in two species between areas with and without pine squirrels. Although experimental studies are ultimately necessary to clarify the role for squirrel predation and other factors in limiting the densities of these pines, these comparative data suggest that seed predation and evolution in response to selection exerted by pine squirrels has cascading effects.
Pine squirrels as keystone species and selective agents
Pine squirrels have important ecological effects, because they are strong preemptive competitors and reduce the number of seeds available for dispersal by nutcrackers (Benkman et al. 1984, Siepielski and Benkman 2007a) . Such high levels of seed predation alone could limit recruitment. For example, Castro et al. (1999) suggested that regeneration of relict Scots pine (P. sylvestris nevadensis) forests is limited by high levels of seed predation from granivorous birds (see also Peters et al. 2003) . Pine squirrels also act as keystone selective agents in at least two ways. First, selection exerted by pine squirrels reduces the proportion of the cone that is allocated to seeds resulting in fewer seeds per cone (Benkman 1995, Siepielski and Benkman 2007a) . Second, the increased seed defenses against pine squirrels lower the seed removal rates of nutcrackers (Siepielski and Benkman 2007a) . We hypothesize that the combined competitive and evolutionary effects of pine squirrels limit seed dispersal and thus recruitment, which is manifested as lower stand densities in areas with pine squirrels. In the absence of pine squirrels, their selection is relaxed and selection exerted by nutcrackers causes an increase in both the numbers of seeds per cone and a cone structure where seeds are more accessible for dispersal by nutcrackers. In effect, we have a ''seed addition experiment'' in the absence of pine squirrels.
Tree density is an important property of most forested ecosystems, because it influences the structure of plant and animal communities, nutrient cycling, landscape hydrology, and recruitment (e.g., Harper 1977 , Tinker et al. 1994 , Turner et al. 2003 . Limber and whitebark pine subalpine ecosystems are no exception. First, these conifers are the dominant trees in many subalpine communities in western North America (Lanner 1996 , Tomback et al. 2001b ) and thereby provide habitat for a diverse array of organisms (Tomback and Kendall 2001) . Second, because tree size distributions were comparable between regions with and without pine squirrels, the greater stand densities of each pine contribute to greater biomass production in the absence of pine squirrels. Elevated levels of biomass result in greater influxes of energy and nutrients (Barbour et al. 1987) and can serve as carbon sinks (Reich et al. 2006 ). Third, these pines act to regulate runoff from the snowpack and reduce soil erosion in upper-elevation watersheds as well as regulate stream flow (Tomback et al. 2001b) . Finally, these pines facilitate forest succession, as they are a pioneer species in recently disturbed habitat and facilitate the survival and growth of other plants Kendall 2001, Baumeister and Callaway 2006) .
It is well established that seed predators can have strong affects on patterns of recruitment and the dynamics of plant populations, with subsequent affects on community structure (e.g., Janzen 1971 , Crawley 1992 , Orrock et al. 2006 . Accordingly, seed predators often exert strong selection pressures on phenotypic traits (e.g., seed defenses such as conifer cones; Benkman et al. 2003, Siepielski and Benkman 2007b) or life history strategies (e.g., masting; Janzen 1976 , Benkman et al. 2003 ) that increase fitness by reducing seed predation. While these patterns have been documented repeatedly in nature, the extent or possibility that selection induced changes by seed predators at one phenotypic level influence higher organizational levels such as ecosystems has rarely been examined. Our results, and those of Benkman and Siepielski (2004) , begin to bridge this gap and suggest that selection by predators on plant reproductive traits can have important effects at the ecosystem level. Combined with a growing body of literature (e.g., Whitham et al. 2006) , these results suggest that selection on heritable traits in a single species can affect ecosystem dynamics.
